The combination of wide-ranging spatial and temporal scales associated with the oceanic environment, together with processes intrinsic to the biology of marine organisms, makes the quantitative study of population con- 
provide a mechanistic understanding of linkages. In this paper, we review some of the present capabilities in models used to study population connectivity, identify key challenges for the nextgeneration models, and consider areas of application in light of new technologies and management needs.
What D o We KNoW aND What are our CaPaBilitie S?
Modeling physical and biological systems has rapidly progressed in terms of the spatial and temporal resolution achieved and the complexity of processes involved (Werner et al., 2001b; Hofmann and Friedrichs, 2002; Kinlan et al., 2005) . Computational capabilities and the development of novel algorithms have enabled the implementation of sophisticated ocean circulation models (Chassignet et al., 2006) and inclusion of detailed biological and geochemical processes within them (Rothstein et al., 2006a) . Methods developed for nesting models and their extensions into various shallow-water environments provide opportunities for resolving more realistic larval transport pathways (Hermann et al., 2002) . Additionally, developments in spatially explicit Individual Based Modeling (IBM) approaches allow for the inclusion of detailed parameterizations of biological variables required for quantitative estimates of larval dispersal (Werner et al., 2001a; Siegel et al., 2003) .
General points can be extracted from the large number of physical and biological processes that relate to the dispersal and recruitment of marine organisms, to help define the connectivity problem. First, the temporal and spatial correlation scales over continental shelves may be relatively short (on the order of days and kilometers). Second, the relative contributions of key processes will likely be site specific and depend on coastal geometry, proximity to estuaries or deep-ocean boundary currents, seasonal stratification, and wind forcing (e.g., Sponaugle et al., 2002) . Third, individual physical processes contain variable length and time scales. Thus, hydrodynamic transport, and dispersion modulated further by biological properties, is fundamentally a multiscale process. It is recognized that highly resolved flow fields are needed in order to embed behavioral models within hydrodynamic models to examine processes involving biophysical interactions (North et al., in press b) . While presently it is difficult to simultaneously resolve mesoscale and small-to-intermediate scale flow fields, particularly for simulations over long time periods, promising results have been obtained through the use of nested and unstructured grids (e.g., Fringer et al., 2006) .
Using the spatial scales of populations' dispersal and connectivity as a framework for our discussion, we consider modeling capabilities at basin scales (of order 1,000 km), shelf scales (of order 100 km), and reef scales (of order 10 km). In each case, we present current capabilities for capturing the relevant processes and illustrate with specific examples.
Basin Scales
Representation of large-scale oceanic response to atmospheric forcing is at a point where relatively successful hindcasts of basin-scale El Niño-Southern Oscillation/North Atlantic Marine population connectivity via larval dispersal is inherently a coupled bio-physical problem. Among the relevant physical processes on continental shelves and nearshore regions are wind-and buoyancy-driven currents, fronts and associated jets, tides (including residual currents, internal tides and bores), and surface and bottom boundary layers (Werner et al., 1997; Scotti and Pineda, 2007) ; additional wave dynamics, including Stokes drift and radiation stress, become important within shallow and nearshore reef structures (Monismith, 2007) . In turn, these processes are affected via onshore/offshore forcing by eddies, large-scale current meanders, island wakes, and lateral intrusions (Caldeira et al., 2005) . In the open ocean and at basin scales, western and eastern boundary currents, together with large-scale gyre circulation, provide oceanographic connectivity between locations separated over hundreds to thousands of kilometers (e.g., Cowen, 1985; Hare and Cowen, 1996; Tang et al., 2006; Kettle and Haines, 2006) . However, physical processes alone do not determine the scales of population connectivity. Time scales of larval development and behavioral characteristics, including vertical migration and spatially explicit environmental differences, play important roles (Boehlert and Mundy, 1988; Tremblay et al., 1994; Hare et al., 1999; Bode et al., 2006; in press a).
Modeling must work hand in hand with field and laboratory studies to test model predictions and assumptions, better parameterize and initialize the models, and iteratively strengthen the model capabilities. Yet, the value of coupled biophysical models is unique as they Oscillation/Pacific Decadal Oscillation and related climate phenomena have been achieved, attesting to the quality of the data collected and the models' ability to capture relevant internal dynamics. Similarly, useful data-assimilation and nowcast/forecast systems are presently being developed, and applications from various communities worldwide are resulting in successful pilot efforts (e.g., GODAE, HYCOM, Mercator) that now routinely provide hindcasts, forecasts, and nowcasts of global ocean state estimates (see Lermusiaux et al., 2006) .
The realism achieved by the physical models has resulted in several successful biological/ecological studies, such as those on the distribution of the copepod Calanus finmarchicus in the subpolar North Atlantic by Speirs et al. (2006) and on the dispersal of American and European eels in the North Atlantic by Kettle and Haines (2006) . 
Shelf Scales
Over the last two decades, the advent and establishment of sophisticated and realistic coastal circulation models (e.g., Haidvogel and Beckmann, 1999) , including unstructured and nested grids (Lynch et al., 1996; Greenberg et al., 2007) , nonhydrostatic models (Fringer et al., 2006; Scotti and Pineda, 2007) , and large-eddy simulations (LES; Lewis, 2005) , have enabled the quantitative study of key physical processes in varying degrees of approximation.
Similar to the developments in basinscale modeling, public-domain "com- ). Mortality further reduces the concentration of larvae by another three orders of magnitude. about 10% of these larvae (blue dots) find suitable habitat. Modified from Cowen et al. (2000) with permission from the American Association for the Advancement of Science.
spawning times and locations, swimming behaviors, and larval-competency periods. Among the questions successfully investigated by such studies are the space-time pathways of larval fish from spawning grounds to nursery areas (Miller et al., 2006) , larval retention on submarine banks and islands (Page et al., 1999; Paris and Cowen, 2004) , effects of interannual variability of physical forcing on dispersal of larval fish populations (Rice et al., 1999) , identification of spawning locations , dispersal barrier mechanisms (Baums et al., 2006) , and long-term dispersal by tidal currents (Hill, 1994) .
Similar approaches focusing on invertebrates include the seeding of scallop beds on Georges Bank (Tremblay et al.,1994;  Fogarty and Botsford, this issue), the behaviorally mediated connectivity of copepods between shelves and deep basins (Speirs et al., 2005) and their onshelf retention (Batchelder et al., 2002) , the impact of environmental quality and larval supply on recruitment of spiny lobsters in the Florida Keys (Butler, 2003) , and the onshore transport of barnacles (Pineda et al., this issue) .
The inclusion of the effect of feeding environment on successful dispersal and recruitment has been achieved by using temperature as a proxy for feeding environment or through more explicit, Values correspond to the proportion of particles retained averaged over the period 1992-1999 and depth. Note that the retention areas are located near the enrichment areas. recruitment for both anchovy and sardine is considered to occur predominantly off the west coast; the high retention predicted for region 3 may not result in observed successful recruitment. Figures adapted from Mullon et al. (2002) with permission from the Canadian National Research Council Press and Lett et al. (2006) with permission from Blackwell Publishing models have proven to be effective in describing hydrodynamic features and biological or material transport around atolls, barriers, and fringing coral reefs (Kraines et al., 2004) . However, to properly and quantitatively capture these features, high-resolution and accurate bathymetric mapping of both inner and outer reef areas is essential (Wolanski et al., 2004; Legrand et al., 2006) . In the following sections, we briefly discuss elements of our modeling capabilities that need to be improved.
Physics and hydrodynamics
Advances are needed to better represent models' internal physical dynamics, particularly at intermediate/submesoscale
to small scales, such as frontal dynamics Additional modeling efforts are to realistically capture these eddies' features (e.g.,
Fiechter and Mooers, 2003).
There is also a need for better specification of external forcing surface fluxes (which continues to challenge all circulation models), especially at event scales. and large-amplitude internal waves, and where consequent mixing may co-occur (Boyer and Tao, 1987; Pineda, 1994) .
Similarly, uncertainties remain concerning the actual topographic data for a This will be particularly important as we consider longer time scales (e.g., climate scenarios) where biogeographic shifts in the distributions of populations and their connectivity are likely to be affected (Vikebø et al., 2007) . Many studies have established the importance of vertical behaviors in population dispersal, retention, settlement, and connectivity; larvae located at different depths will be subjected to different currents and thus their Lagrangian trajectories will be different (e.g., Werner et al., 1993; Batchelder et al., 2002; Paris and Cowen, 2004) ; their trajectories are also influenced by their pelagic phase duration (Tremblay et al., 1994) . Similarly, Models should guide in the design of field experiments, and in turn observations should improve the model parameters.
Biology and Behavior

Future DireCtioNS aND aPPliCatioNS
As we look forward, models can be expected to provide test beds for developing field-testable hypotheses, means for refining existing ecological and evolutionary theories, guidance for better experimental designs, and possible future scenarios in light of expected climate/global change; ultimately, they should be useful to resource managers.
We consider these points briefly in our concluding remarks.
Models assisting the Design of Field Sampling
As physical and biological models progressively mature, they should be (Rothstein et al., 2006b ).
Predictions and Future Scenarios
Over the past several decades we have 
Models as Management tools
The management of living marine resources is inherently spatially depen- Validated, spatially explicit models will also be useful for designing and assessing MPAs in that they will provide the degree to which populations are connected and 
CoNCluDiNg re MarKS
We reviewed present-day capabilities of aCKNoWleD geMeNtS
